The electronic structure of Si(110)"16 × 2" double-domain, single-domain and 1 × 1 surfaces has been investigated using spin-and angle-resolved photoemission at sample temperatures of 77 K and 300 K. Angle-resolved photoemission was conducted using horizontally-and vertically-polarised 60 eV and 80 eV photons. Band-dispersion maps revealed four surface states (S1 to S4) which were assigned to silicon dangling bonds on the basis of measured binding energies and photoemitted intensity changes between horizontal and vertical light polarisations. Three surface states (S1, S2 and S4), observed in the Si(110)"16 × 2" reconstruction, were assigned to Si atoms present at the edges of the corrugated terrace structure. Only one of the four surface states, S3, was observed in both the Si(110)"16 × 2" and 1 × 1 band maps and consequently attributed to the pervasive Si zigzag chains that are components of both the Si(110)"16 × 2" and 1 × 1 surfaces. A state in the bulk-band region was attributed to an in-plane bond. All data were consistent with the adatombuckling model of the Si(110)"16 × 2" surface. Spin polarisation data were measured with optimised and fully characterised VLEED polarimeters allowing polarisation measurements with a precision of better than 1%. Room temperature measurements of Py and Pz for the Si(110)"16 × 2" surface gave, as anticipated, zero polarisation but longitudinal polarisation measurements, Px, for S3 at a higher resolution and lower temperature gave a very small average polarisation of 2.8 ± 1.9%. An upper limit of ∼ 3% may thus be taken for the longitudinal polarisation.
I. INTRODUCTION
Spintronics encapsulates the generation, manipulation and detection of electron spins for use in devices primarily related to digital (binary) signal processing [1] [2] [3] . Of key utility in such devices are "spin transitions". Considerable effort has been focused on the use of magnetic materials for injection of spin-polarised electrons into semiconductors, in the field called "magneto-spintronics" [4] [5] [6] . However, impedance mismatching between a magnetic metal and a semiconductor represents a major design problem [7, 8] . Theory shows that the higher-resistance semiconductor significantly depolarises the spin current from the ferromagnet unless the current is initially completely spin polarised. Several approaches have been taken to overcome this problem, including injection of electrons into the conduction band [9] , introduction of a tunnel contact between the semiconductor and ferromagnet [10] , and replacing the magnetic metals with a Heusler alloy [11, 12] .
Another approach is to use a semiconductor to generate the spin-polarised current [13] . Incorporation of silicon into spintronic devices is particularly important for compatibility with current CMOS technology [9] . Hence silicon is widely used as a substrate; the weak spin-orbit interaction is advantageous because it leads to spin coherence lengths of up to 1 µm [14] , which allows manipulation of the spin current.
Following pioneering work by a number of groups, nonmagnetic surfaces are now well-known to give rise to spin separation, good examples being those of heavy metals [15, 16] and topological insulators [17] . In both these cases the spin-orbit interaction is a key driver for the effect, coupled with the lack of inversion symmetry at surfaces. An additional property that can give rise to electron spin-polarisation effects is chirality; the transport of spin-polarised electrons through both randomand ordered-arrays of chiral molecules has been investigated [18, 19] . Experiments probing the scattering of a transmitted electron beam through an enantiomericallypure chiral target vapour have shown that the sign of the transmission asymmetry, A, inverts upon changing the target molecule handedness [20] . This inversion was elucidated by the earlier theoretical work of Farago [21] . The ordered enantiomers R,R and S,S 2-diphenyl-1,2diethanediol adsorbed onto in-plane-magnetised Co thin films gave results that showed electrons spin polarised in their initial state (before photoexcitation) cannot only be changed in magnitude but also in direction after passage through chiral layers of adsorbates [22] . In addition, this study revealed that complications may occur due to differences in adsorption geometry between enantiomers. Of particular note with reference to adsorbates is the pioneering work of Naaman and coworkers on spinfiltering through double stranded DNA oligomers that has been shown to give polarisations of between 50 and 60% [23, 24] . The potential importance of these findings arXiv:1903.07385v2 [cond-mat.mtrl-sci] 28 Mar 2019 for spintronics applications is clearly recognised, but the molecular adsorbate/semiconductor combination is suboptimal for technological applications. Given that spin polarised currents have been observed in Mn doped silicon [25] and in non-magnetic adsorbate systems without heavy elements, we decided to explore the possibility of observing such effects in a chiral reconstruction of silicon.
In order to inform our experimental photoemission studies presented here, semi-relativistic model calculations were performed upon two-dimensional lattices with and without mirror symmetry [26] . These showed that for a non-magnetic two-dimensional lattice without mirror symmetry (i.e. a chiral lattice), there is a non-zero component of the spin polarisation that is ordinarily zero for lattices with mirror symmetry and that this component inverts between enantiomorphs. The orientation of this inverting component is parallel to the initial-state crystal momentum of the electron and is thus known as the longitudinal component. To determine experimentally if a chiral surface results in spin-polarised electrons without the need for an adsorbed chiral layer, our experimental starting point was to undertake spin-and angle-resolved photoemission from the well-studied chiral Si(110)"16 × 2" surface [27] .
Although the Si(110)"16 × 2" reconstruction has been investigated using photoemission on a number of occasions [28] [29] [30] , this paper discusses the first experimental investigation of the electronic structure of the chiral Si(110)"16 × 2" reconstruction using spin-resolved photoemission. Furthermore, new angle-resolved photoemission results are reported in which the incident photon energy and polarisation were varied as well as the surface temperature and morphology. Previous lowresolution double-domain band-dispersion maps (binding energy, E B against k || ) have been obtained by Crincenti et al. [28, 31] . To investigate differences in angle-resolved photoemission measurements between double and single domains, we report here, for the first time, highresolution double-domain band-dispersion maps. Our angle-resolved photoemission results build upon the work of Sakamoto et al. [30] and Kim et al. [29] using different light polarisations to investigate the surface states of a single domain. This provides new information about the bonding type that has not been previously reported. We also contribute to the debate on the Si(110)"16 × 2" atomic arrangement by showing that our angle-resolved photoemission results are consistent with the AB model. On reconstruction the Si(110)"16 × 2" surface can exist either as a single domain consisting of only one enantiomorph (over several mm) or as a double domain with small areas of each enantiomorph [27, 32, 33] . The reconstruction consists of a corrugated terrace structure where both upper and lower terraces have widths of 2.5 nm and heights of 0.15 nm [27] , the step edge of the corrugated terrace structure is parallel to either [112] or [112] for a single-domain sample. On top of both the upper and lower terraces there are silicon atoms arranged into pairs of pentagons [32] . In both single and double domains, the underlying (110) planes are formed of bonded silicon atoms that are described as zigzag chains [32, 34, 35] . The exact atomic arrangement of the Si(110)"16 × 2" reconstruction is still under debate and several structural models have been proposed [32, [36] [37] [38] . Stekolnikov et al. suggested the adatom-tetramer-interstitial model (ATI) [37] to describe the Si(110)"16×2" reconstruction, which is no longer accepted because simulated scanningtunnelling microscopy (STM) images from it are incompatible with experimentally obtained STM images [30] . Currently, the adatom-buckling (AB) model is the preferred structural picture because it has been shown to be consistent with both STM and Si 2p Auger spectroscopy measurements on a single-domain surface [39] . A schematic diagram of the AB model is presented in Fig. 1 . This model consists of adatoms, shown by the purple circles, that are arranged into an approximately pentagonal structure positioned on both the upper and lower terraces. Each adatom has a dangling bond, and there are three other types of atoms located at the step edges also with dangling bonds (DBs): unbuckled atoms (shown by red circles), buckled-upper atoms (shown by blue circles), and buckled-lower atoms (shown by yellow circles). The last set of atoms with DBs are those that reside on the lower terraces in between the step edge and the adatoms. In contrast, the Si(110)1 × 1 surface consists of a single exposed layer of zigzag chains containing a single type of dangling bond [37] which is described by the rotational-relaxation model [40] .
III. EXPERIMENTAL METHOD

A. Sample reconstruction
Two types of 7 × 2 mm Si(110) samples were used, labelled as A or B where the short axis was parallel to the [112] or [112] directions, respectively [27] . The silicon wafers were phosphorus doped giving a resistivity of 4 − 6 Ω cm and were supplied by PI-KEM Ltd. and SurfaceNet GmbH. Figure 2 (a) shows the relative orientation and 'front' face, as defined in Ref. [27] , of the two Si(110) sample types. Only the 'front' faces were used in this experiment; these were identified by generating the 1 × 1 surface and relating the observed LEED pattern with the direct-space lattice vectors.
The chiral Si(110)"16 × 2" reconstruction was generated by resistively heating the samples using a direct current parallel to the sample long axis in an UHV preparation chamber with a base pressure of 2 × 10 −10 mbar. The samples were outgassed at 650 • C for approximately 12 hours, then flashed several times to 1200 • C. After the final flash the samples were annealed for 30 seconds at 720 • C and then cooled to room temperature by reducing the current 30 mA every 30 seconds. LEED was used to determine the type of Si(110)"16×2" reconstruction generated. Si(110)1×1 surfaces were produced by quenching the sample directly from 1200 • C to room temperature. The handedness of the samples was determined a posteriori and before analysis by photoemission spectroscopy. This is because the front of each individual sample type (A and B) was polished such that the stepedge direction of the vicinal structure observed at high temperature [41] was parallel to the short axis of the sample. Upon successful generation of a single domain, the reconstruction handedness is known because the step orientation of the vicinal structure causes the corrugated terraces to be parallel to the short axis. Therefore, a single domain on the front face of A-type or B-type samples produces only an L or R domain, as defined by Yamada et al. [33] , over mm dimensions.
B. Spin-and angle-resolved photoemission
Photoemission experiments were conducted at the APE-LE beamline of Elettra Sincrotrone Trieste [42, 43] . Figure 3 shows a schematic diagram of key features of the end station which was set up to conduct simultaneous spin-and angle-resolved photoemission experiments. The UHV chamber used for photoemission spectroscopy had a base pressure of 8 × 10 −11 mbar. The undulator associated with the end station allows for the production of horizontally-, vertically-or circularly-polarised photons over the energy range of 20 to 120 eV [42] . Both the horizontally and vertically-polarised photons are reported to have close to 100% linear polarisations [42] . Angle-resolved photoemission (ARPES) was conducted using a multi-channel plate (MCP) detector and an entrance slit with an angular acceptance of ±15 • (Fig. 3 ). As the entrance slit was oriented parallel to the sample short axis, the direction of the surface crystal momentum, k || , measured in angle-resolved photoemission, was dependent upon the sample type. Thus, the resolved momentum direction for A-type samples was [112] i.e. along theΓĀ line in reciprocal space ( Fig. 2(b) ). The corresponding resolved momentum direction for B-type samples was [112], i.e. along theΓĀ line in Fig. 2(b) . These directions were chosen because they are parallel to the step-edge directions of the corrugated terraces and have not been probed previously [29, 30] . TheΓĀ and ΓĀ lines do not correspond to symmetry axes, but in the second Brillouin zone these cross atX.
Double-domain band-dispersion maps were obtained at sample temperatures, T s , of 77 K and 300 K with an experimental energy resolution ∆E = 55 meV. The ARPES measurements were made with horizontallypolarised photons at an energy,hω, of 80 eV. Single domain surfaces were investigated to understand the effects on the surface states upon changing photon energy and polarisation. These investigations were conducted at T s = 77 K using horizontally and vertically-polarised photons at 60 eV and 80 eV. A band-dispersion map of the Si(110)1 × 1 surface was also obtained at T s = 300 K.
Spin-resolved photoemission (SRPES) experiments were undertaken using two orthogonal very low-energy electron diffraction (VLEED) polarimeters both employing oxygen-passivated Fe(001)-p(1×1) scattering surfaces [43] [44] [45] [46] . The polarimeters allowed all three spin components of the photoelectrons to be measured (with some redundancy), and are labelled as VLEED-B and VLEED-W in Fig. 3 . The spin polarisations components of the photoemitted electrons, P x , P y and P z , are defined by the coordinate system shown next to the polarimeters in Fig. 3 . The spin resolving power, S, of the polarimeters (equivalent to the effective Sherman function in Mott polarimetry [47] ) was taken to be 0.3 [48] . The energy resolutions for the spin-resolved measurements were 72 meV and 36 meV when pass energies of 20 eV and 10 eV, respectively, were used. The lens mode and transfer lens aperture size produced an angular resolution of 0.75 • . LEED was used to determine the single domain areas on the sample. These areas were subsequently probed using SRPES to ensure only one domain was being photoexcited. Using horizontally-polarised photons of energyhω = 80 eV, preliminary spin polarisation spectra were obtained with a pass energy of 20 eV for a binding energy range of 0.2 to 1.3 eV. All three spin components were measured. The polarisation direction of particular inter-est was P x as it was parallel to the surface crystal momentum. Hence P x corresponds to the longitudinal direction [26] . SRPES measurements performed at a pass energy of 10 eV were obtained over the binding energy range of 0.5 eV to 1.25 eV for P x . The longitudinal spin polarisation was also measured for different surface crystal momenta to determine if they exhibited a dependence on k || . The sample was moved every 40 minutes during SRPES measurements to ensure the sample surfaces were minimally affected by the photon beam.
The spin-resolved data were obtained as energydependent intensity measurements of the number of electrons reflected by the positively (I + (E)) and negatively (I − (E)) magnetised iron surfaces. Linear backgrounds were removed from the polarimeter intensity measurements, and subsequent polarisation values, P (E), were calculated using a modified version of the standard polarisation equation
where F is an energy-dependent calibration factor [49] [50] [51] , the B subscript indicates the background has been removed, and the energy-dependence notation has been omitted. The calibration factor was determined using
where I + c and I − c are the intensities of an unpolarised electron beam reflected by the positively and negatively magnetised iron surfaces respectively. This was determined for the sample-retaining Ta clips, a materials whose polarisation is known to be zero. Errors on the energy-dependent polarisation data were obtained using either a weighted standard deviation or error propagation of √ I ± for greater than or fewer than 10 repeat measurements, respectively.
The longitudinal spin polarisation under investigation is expected to be small [26] . Hence it was necessary to measure the instrumental asymmetry of the VLEED-W polarimeter. For this spin-resolved sensitivity determination, polycrystalline tantalum was used. This measurement was obtained over the binding energy range 5 − 6 eV usinghω = 85 eV to maximise the number of photoelectrons produced [52] . The binding energy range and photon energy gives rise to photoelectron kinetic energies close to those obtained from the Si(110)"16 × 2" surfaces. The longitudinal spin polarisation of the calibration material is shown in Fig. 4 . The uncertainty on each polarisation point is < 1% and the majority of the points are within 1% of the zero polarisation line. The corresponding weighted average for the spectrum is 0.65 ± 0.33%. Hence an upper limit of 1% is reasonable. As a consequence of this study, it is clear that VLEED polarimeters can be optimised to measure polarisations as small as 1%. 
IV. RESULTS AND DISCUSSION
A. Angle-resolved photoemission
To investigate the validity of the AB model, banddispersion maps of single-and double-domain surfaces were made. Figure 5 Using the same nomenclature for the surface states as Sakamoto et al. [30] , S 1 to S 4 are identified in the band-dispersion map shown in Fig. 5(b) . The surface state binding energies observed are S 1 : E B = 0.20 eV, S 2 : E B = 0.40 eV, S 3 : E B = 0.75 eV and S 4 : E B = 0.95 eV, as reported previously in Ref. [30] . Energy dispersions similar to those observed by Sakamoto et al. [30] were also measured. The small energy separation of 0.2 eV for the S 1 and S 2 states and their dispersions results in an intensity overlap of the photoemitted electrons causing a single surface state feature at approximately E B = 0.3 eV ( Fig. 5(e) ). The C 2 state, located in the bulk-band projection, is observed at E B = 1.6 eV, which is similar to previous reports [30] . This is the first identification of all four surface states (S 1 to S 4 ) from a double-domain reconstruction.
Several of the surface states were observed at T s = 300 K. Figure 5 (f) shows a peak at E B ≈ 0.3 eV which is due to the S 1 and S 2 states, and another peak at ap- proximately 0.75 eV associated with S 3 . Although the 300 K band map in Fig. 5 (c) shows little evidence of C 2 , Gaussian curves fitted to the 300 K EDCs shown in Figs. 5(d) and (e) are consistent with a peak at approximately 1.5 eV which is attributed to the C 2 state. This shows that the states are not temperature dependent suggesting no significant structural changes at low temperature. EDCs taken at approximately 40 minute intervals, and shown in the supplemental information [53] , were used to determine the longevity of the surface states in vacuo. The S 4 state is not observed at 300 K but its corresponding surface state duration in vacuum is the same as the into an additional minimum located at a higher bind-ing energy (not shown on the maps). The map is not symmetric aboutΓ because the direction of the surface crystal momentum,ΓĀ , that is being probed is not a reflection-symmetry axis of the Si(110)"16 × 2" surface Brillouin zones. An EDC of the Si(110)1 × 1 surface was obtained at T s = 300 K and is shown in Fig. 6 . The upper-right inset image shows the band-dispersion map from which the EDC was derived. Only the S 3 state is observed in the EDC and identified at a binding energy of approximately 0.8 eV.
Intensity (a.u.) Figure 7 shows the 77 K band-dispersion map for an Atype single-domain Si(110)"16 × 2" reconstruction. The preferential A-type single domain is confirmed from the inset LEED pattern as fractional-order spots are observed mostly along the [111] direction. The S 1 to S 4 surface states and the C 2 state are shown in the banddispersion map. These were found (as expected) to be at the same binding energies as those observed in Fig. 5(b) , but the whole map is mirror reflected about a plane at k || = 0Å −1 . In Fig. 7 , S 1 + S 2 and S 4 are found at negative values of k || and S 3 is found at positive values. The C 2 state crosses zero but is largely observed at negative k || . In Fig. 5(b) , the reverse is true. This is because theΓĀ direction is probed in the B-type sample ( Fig.  5(b) ) and the mirror imageΓĀ direction is probed in the A-type sample (Fig. 7) . The same A-type single-domain Si(110)"16×2" surface was used to investigate the effects of changing light polarisation and photon energy on the band-dispersion maps; the maps shown in Figs. 8(a) and (c) were obtained using 80 eV horizontally and vertically-polarised photons, respectively. There are several key differences between them. Firstly, there are differences in the parabolic dis-persing structure. Secondly, there are significant changes to the surface state intensity. The parabolic valence band structure that is present in Fig. 8(c 
is observed in (a) but with a reduced intensity. Thus light of orthogonal linear polarisation couples to different states in the valence band structure. Similar effects have been observed in Si(100) [54, 55] . Photoemission intensities of the surface states are also observed to depend on the linear polarisation of the incident light. An EDC obtained from 8(a) is shown in Fig.  8(b) and S 1 + S 2 , S 3 , S 4 and C 2 are clearly identified. In contrast, an EDC derived from Fig. 8(c) is shown in Fig.  8(d) where the S 1 + S 2 and S 3 states are observed with a reduced intensity and S 4 is absent. Both band maps ( Figs. 8(a) and (c)) show an intense C 2 state. The downward dispersion of the C 2 state, as observed previously [30] , is identified using vertically-polarised light.
Band maps and EDCs were also obtained using a photon energy of 60 eV. The band-dispersion maps shown in Figs. 9(a) and (c) were obtained from the same A-type sample (LEED pattern shown in Fig. 7 ) using horizontally and vertically-polarised light, respectively. Negative k || is presented in Fig. 9 because the intensity of S 3 is significantly enhanced compared to that at positive k || athω = 60 eV. Clearly the use of vertically-polarised light attenuates the observed intensity of the S 3 state which is due to dipole selection rules. This is reiterated in the angle-integrated EDCs shown in Figs. 9(b) and (d) . The observed intensity of the S 3 state is increased usinḡ hω = 60 eV compared with that observed athω = 80 eV. The cause of this effect is attributed to the increased cross section of the Si 3p and 3s orbitals athω = 60 eV [56] . C 2 is more intense when horizontally-polarised light is used, but the downward dispersion of it is evident in both maps. The intensity of the other valence band features are stronger with horizontally-polarised light, for exam- ple intensity differences are apparent in the parabolic bands.
The observations obtained from these angle-resolved photoemission experiments focusing on the surface states are summarised in Table I . All states were observed using horizontally-polarised 80 eV photons for single and double-domain Si(110)"16 × 2" surfaces. The letter H is emboldened for S 1 -S 4 because the intensity of these states is significantly greater when using horizontallypolarised 80 eV photons compared to vertically-polarised 80 eV photons; S 4 was only observed using horizontallypolarised light. The surface state duration in vacuum shown in Table I (labelled as 'Duration') is taken from data in the supplementary information [53] .
The binding energy of each surface state given in Table  I suggests that they can be attributed to surface dangling bonds; similar assignments have been suggested for the Si(100) surface by Goldmann et al. [55] on the basis of ARPES measurements using horizontally and verticallypolarised light. As dangling bonds are oriented mostly perpendicular to the surface, the signals from the surface states will be most pronounced using horizontallypolarised light as this has an electric field component perpendicular to the surface. This, is evident from Figs. 8 and 9. However, Table I indicates that the S 1 +S 2 and S 3 states were also visible in our spectra, but with less inten- Because in-plane bonds have a higher binding energy than dangling bonds, the C 2 state is associated with the former. Moreover, C 2 exhibits a shallow downward dispersion indicated by dashed lines in Figs. 8(c), 9(a), and 9(b), suggesting bonding character. In addition, the intensity difference of C 2 between band-dispersion maps obtained with both horizontally-and vertically-polarised light is not as significant as the intensity difference for the other surface states. This suggests an orbital that is oriented mostly parallel to the surface which is formed from bulk sp 3 bonds. Conclusions for the states S 1 -S 4 and C 2 are summarised in Table II . Determination of the bonding type using the light polarisation has not been previously reported.
Further information about the states and the structural element to which they are associated is obtained [57] . This suggests that the Si(110)"16 × 2" S 3 surface state should be assigned to the zigzag chains [34, 35] which are inherent to both the Si(110) planes of the "16 × 2" and 1 × 1 surfaces [32, 34] . This is further supported by recent work by Matsushita et al. [58] which shows that S 3 is suppressed in the band maps of the hydrogen-terminated Si(110)1 × 1 surface. We have assigned S 1 , S 2 and S 4 to DBs and C 2 to an in-plane bonding state -all of which are only found on for the corrugated Si(110)"16 × 2" reconstruction. In addition, we have assigned S 3 to DBs associated with the zigzag chains as this structural element is found in both the Si(110)"16 × 2" reconstruction and the 1 × 1 surface. These conclusions are all consistent with the AB model as within this model the S 1 , S 2 and S 4 states are, respectively, attributed to DBs of the adatoms, the firstlayer buckled-upper atoms, and the second-layer unbuckled atoms of the Si(110)"16 × 2" reconstructed surface. These features are only found on the Si(110)"16 × 2" reconstruction as a result of structural distortions resulting from the corrugated terrace structure. The AB model also associates the S 3 state with DBs on the unbuckled atoms of the upper zigzag chains. Some atoms at the step edges buckle upon reconstruction of the surface producing a different dangling bond state. The unbuckled atoms of the zigzag chains presented in the AB model are minimally affected by the reconstruction and are thus clearly identified with the zigzag chains in the Si(110)1×1 surface. The DBs on these atoms retain the same char-acteristics as those found on the Si(110)1 × 1 surface which we observed from our band-dispersion maps of the Si(110)"16×2" and 1×1 surfaces. Finally, the AB model indicates that C 2 results from surface back bonds [30] . This is supported by our observations as C 2 is in the bulk-band region and observed with both horizontallyand vertically-polarised light.
B. Spin-resolved photoemission
Spin-resolved photoemission measurements were made on both A-and B-type Si(110)"16×2" surfaces that indicated good surface order (as shown by LEED) at nominal temperatures of either 300 K or 77 K. In all cases 80 eV, horizontally-polarised photons were used.
Initial exploratory work on an A-type single-domain surface at 300 K covered the binding energy range 0.2 to 1.22 eV as this encompasses the surface states S 1 to S 4 . A spin-integrated ARPES spectrum for this singledomain sample, obtained at k || = 1.3Å −1 where S 1 + S 2 and S 3 are visible, is shown in Fig. 10(a) . Electron intensities, I + and I − , measured from the polarimeters were obtained in the x, y and z directions. These were then corrected assuming that the surface state peaks sit on an underlying unpolarised background, which was subtracted to give rise to corrected polarisations, P (see the Supplemental Information for further details [53] ). The calibrated and background-corrected polarisations are given in Figs. 10(b) , (c) and (d). The spin-resolved data were also obtained at k || = 1.3Å −1 corresponding to the position in the band-dispersion map (Fig. 5(c) ) where the surface states had maximum intensity. The errors shown are only statistical; polarimeter and photon energy uncertainties have not been included [59] . The ARPES results given in Table I show that the binding energies of the S 3 and S 4 surface states are 0.75 eV and 0.95 eV, respectively. The surface states S 1 and S 2 were probed as a single peak, S 1 + S 2 , positioned at 0.3 eV. The longitudinal spin component, P x , displayed in Fig. 10(b) shows that, at the binding energies of the surface states, the polarisation values are statistically zero except for the points at 0.92 and 1.02 eV. The tangential and out-of-plane components, P y and P z , shown in Figs. 10(c) and (d) respectively are statistically zero for all binding energies. This was established by calculating the line of best fit and its error for P y and P z . A large scatter of the P x values is also shown in Fig. 10(b) . This scatter is due to the subtraction of a large background and in the supplemental information calibrated-polarimeter intensities before and after background removal are shown [53] .
Subsequent polarisation measurements were focused on the P x component because it is the one expected to invert between enantiomorphs. Furthermore, it is the only component shown in Fig. 10 with a non-zero polarisation at a binding energy value where a surface state is observed. By varying k || , reducing the kinetic-energy step that a portion of this state is probed. The P x values at the binding energies of S 3 and S 4 are statistically equal to zero for both A-and B-type samples. Inversion of P x either side of the P x value at 0.6 eV in Fig. 11(a) is a result of background subtraction. The polarisations are close to one because the background-calibrated intensities in I +
B
(F I − B ) at 0.52 eV(0.64 eV) contain approximately zero counts. The corresponding spin-resolved intensities are shown in the supplemental information [53] .
In order to improve the energy resolution and reduce the randomisation of electron spins due to thermal fluctuations [26] , the sample temperature was reduced to 77 K. The P x component was probed over the surface states S 3 and S 4 of an A-type single-domain Si(110)"16×2" surface cooled to 77 K. The corresponding polarisation values are shown in Fig. 11(c) . In this low temperature case, the spin polarisation data obtained showed no discernible peaks and the average polarisation over the states was calculated to be 2.8 ± 1.9%. As a result an upper limit of 3% is assigned to the longitudinal spin polarisation, P x , for S 3 and S 4 at 77 K. This value is however expected to be an overestimate given the assumption of an unpolarised background. A greater polarimeter sensitivity is evidently required in order to refine further the magnitude of this very small longitudinal spin polarisation. with an energy resolution of 36 meV.
Our calculations predict that the magnitude of the longitudinal spin polarisation for a chiral Ag lattice covered with a Bi-trimer adlayer has a value of approximately 2.5% [26] . Assuming that spin-orbit coupling for this alloy surface is approximately equivalent to that of Bi, then the maximum for a pure silicon surface would be expected to be of the order of 0.1%. This assumes; firstly, that the longitudinal spin polarisation depends on Z 4 (where Z is the atomic number), and secondly that the Si(110)"16 × 2" reconstruction has the same structure as the Bi-Ag alloy surface (which is clearly not true). Thus providing a zeroth-order estimation for the magnitude of the longitudinal spin polarisation.
V. CONCLUSIONS
Our angle-resolved photoemission measurements of the Si(110)"16 × 2" surface extend previous work by using high-resolution band mapping of double-domain, singledomain, and 1 × 1 surfaces. We assigned three of the four surface states (S 1 , S 2 and S 4 ) to dangling bonds associated solely with the Si(110)"16 × 2" reconstruction. The remaining surface state, S 3 , which was observed in the band maps of both the Si(110)1 × 1 and "16 × 2" surfaces, was assigned to dangling bonds on the zigzag chains of the relaxed bulk-terminated surface. The C 2 state observed in the bulk-band region was attributed to an in-plane bond. These assignments were produced by monitoring intensity changes of the surface states upon switching from horizontally to vertically-polarised photons. Our spectral assignments are shown to be consistent with the adatom-buckling model.
Spin-resolved photoemission measurements of the S 1 + S 2 , S 3 and S 4 states for a single-domain chiral Si(110)"16 × 2" surface were obtained over all three po-larisation components using optimised VLEED polarimeters. First measurements of P y and P z gave, as anticipated, zero polarisation but longitudinal polarisation measurements, P x , for S 3 indicated a possible polarisation. This was investigated further at low temperature which revealed an average polarisation of 2.8 ± 1.9%. As the polarimeter performance was optimised to measure polarisations as small as 1%, an upper limit of 3% is associated with the longitudinal polarisation. In order to take these measurements further, higher precision polarimetry is necessary. The chiral Si(110)"16 × 2" reconstruction is unlikely to be suitable for generating spin-polarised electrons in spintronic devices, although enhancement of the surface spin-orbit coupling by deposition of heavy atoms such as gold could increase the magnitude of the longitudinal spin polarisation.
